Simple analysis method for determining internal quantum efficiency and relative recombination ratios in light emitting diodes We propose a facile analysis method for determining internal quantum efficiency (IQE) and relative carrier recombination ratios in light emitting diodes (LEDs). Using this method, IQE and different contributions of radiative and nonradiative recombination processes at arbitrary excitation power can be unambiguously determined without any knowledge of A, B, and C coefficients of the rate equation. We applied our analysis method to two LED samples grown on different substrates with distinct material quality and found good agreement with experimental results such as x-rocking curve obtained by high resolution x-ray diffraction and decay lifetime measured by time-resolved photoluminescence. Recently, GaN-based high-power light emitting diodes (LEDs) have been widely utilized in advanced technologies, such as automotive headlights, indoor/outdoor lighting, backlighting, and display. LEDs, in principle, are capable of generating white light with a 20 times greater efficiency than incandescent light sources. 1 However, GaN-based high-power LEDs suffer from a phenomenon known as efficiency droop, i.e., a reduction of the external quantum efficiency (EQE) with increasing injection current; the physical origin of the droop is still under intense debate.
2 Typical GaN-based LEDs exhibit a peak efficiency at current densities as low as 0.1-10 A/cm 2 , 3 above which efficiency gradually decreases. The EQE of an LED is defined as the product of the internal quantum efficiency (IQE) and the light extraction efficiency (LEE). The former is related to the crystal quality and structure of the epitaxial layer, while the latter is associated with chip processing, die geometry, and LED packaging. The decrease in EQE with injection current is generally attributed to a reduction of IQE, since LEE is usually constant with injection current. Several groups have shown that IQE experimentally and theoretically depends on injection current. 2, 4, 5 Therefore, extracting out IQE and related recombination information from experimental data becomes very important to investigate and eventually overcome the efficiency droop occurring in high-power LEDs.
However, the calculation of IQE is quite difficult due to complicated measurement and a lack of theories. Previously, the IQE of compound semiconductors has been determined using several proposed experimental methods and theoretical models, such as absolute intensity measurements using an integrating sphere, 6 steady-state thermal study, 7 time-resolved photoluminescence (PL), 8 temperature-dependent measurement, 9 and the semiconductor rate equation. 10 However, these methods to measure IQE provide less accurate results for IQE due to their ambiguous assumptions. For example, the experimental approach using PL measurement usually assumes the value of IQE at low temperature to be unity. In addition, an arbitrary value of the radiative recombination coefficient B (e.g., in the range of 10
) has typically been chosen in the conventional rate equation, and therefore the same radiative recombination lifetime, which is inversely proportional to B, is expected regardless of the sample structure at the same excitation condition. However, this assumption often leads to controversy since the radiative recombination lifetime observed experimentally can be different in practice depending on the sample's material condition and structure (i.e., according to indium composition and well width). 11, 12 Recently, the idea that the conventional rate equation, often referred to as the ABC model, using constant A, B, and C coefficients may no longer be suitable to explain efficiency droop behavior, has been widely discussed. Several modified ABC models using non-constant A, B, and C coefficients (i.e., these values are functions of carrier density n) have been proposed that consider density-activated defect recombination, 13 phase-space filling, 14 the internal field screening effect, 15 etc. Furthermore, the C coefficient (i.e., n 3 dependence) can be associated with the Auger process and/or the carrier overflow process, and even higher terms (e.g., the D coefficient for n 4 dependence or higher) related to carrier overflow can be needed for better fitting of the experimental data. 16 As described above, in fact, there are multiple ways to fit and explain the same experimental data based on different models and assumptions. Nevertheless, it is still very useful if one can analyze the different dependences of n associated with various possible recombination processes in the ABC model and directly connect those dependences to measurable quantities. Furthermore, in order to investigate and improve device performance, information about IQE and the relative ratios between radiative to nonradiative recombination processes can be more important and practical, instead of determining A, B, and C coefficients using many assumptions.
In this work, we proposed a simple analysis method for IQE extraction from excitation power-dependent PL data based on the simplified ABC rate equation. A, B, and C coefficients, unlike the case of conventional rate equation. Furthermore, our method allows us to analyze the relative ratios of various radiative and nonradiative recombination processes, which are in good agreement with our experimental data. For comparison, we applied this method for InGaN/GaN multiple quantum well (MQW) grown on two different substrates.
Our proposed model is based on the rate equation, which is the relationship between total carrier generation rate (G) and individual recombination rate
The three main carrier recombination mechanisms in the rate equation are Shockley-Read-Hall (SRH) nonradiative recombination (An), radiative recombination (Bn 2 ), and Auger (and/or possibly carrier overflow) nonradiative recombination (Cn 3 ), in which A, B, and C are the respective recombination coefficients and n is the carrier concentration. IQE (g) is defined as the radiative recombination rate over the total carrier generation rate
Contrary to the model using the conventional rate equation, our proposed model uses the relation between the integrated PL intensity (I PL ) and G
where a is a constant determined by the volume of the excited active region and the total collection efficiency of luminescence. The relationship between laser excitation power (P laser ) and G is expressed as
where R is the Fresnel reflection at the sample surface, a is the absorption coefficient of the active region, A spot is the area of the laser spot on the LED sample, and h is the photon energy of the excitation laser. We used identical values of a and x for our samples since the experimental conditions and the sample structures are the same, except for that of the substrate. Therefore, Eqs. (4) and (5) can be expressed as follows:
In this formula, the terms
xa , and C x½aB 3=2 can be changed using the fitting parameters P 1 , P 2 , and P 3 , respectively, from the power-dependence PL experiments; thus, Eq. (7) simply becomes
Therefore, g can be directly calculated as follows:
Therefore, in order to calculate IQE, we only need to know the excitation power (P laser ), the integrated PL intensity (I PL ), and a fitting parameter P 2 , which can be obtained easily from the excitation power-dependence PL data, without knowing or assuming other parameters. In order to apply our analysis method to practical LED devices, we chose InGaN/GaN MQWs grown on patterned sapphire (PAT) and planar sapphire (PLA) substrates (referred to as MQW-on-PAT and MQW-on-PLA, respectively). The MQW-on-PAT is known to have better material quality and consequently higher quantum efficiency than those characteristics of the MQW-on-PLA. 12 The InGaN/ GaN MQWs were grown by metal-organic chemical vapor deposition (MOCVD) on c-plane PAT and PLA substrates. After depositing a low-temperature GaN nucleation layer on the substrate, a 5.3-lm-thick n-type GaN:Si layer followed by the InGaN/GaN MQWs was grown. A p-type Al 0.2 Ga 0.8 N electron blocking layer and a 60-nm-thick p-type GaN:Mg were deposited on the InGaN/GaN MQWs. Both the MQW-on-PLA and MQW-on-PAT samples are identical in structure, with the exception of the substrates. A continuous-wave 405 nm line laser was chosen as the PL excitation source; the laser energy corresponds to the energy between the band gaps of the InGaN well and the GaN barrier, and therefore excited only in the active layer, not in the n-GaN or p-GaN layers. In order to vary the carrier concentration in the active layer, the laser excitation power was tuned from 0.1 mW to 25 mW using a neutral density filter. We note that in order to apply our proposed method to practical LED devices as a demonstration, we tried in this work to mitigate other unwanted recombination processes by using the moderate excitation power range before reaching the IQE maximum and the excitation energy below the bandgap of the barrier material, which will minimize carrier overflow, heating, and carrier spillover effects in the MQWs.
Figures 1(a) and 1(b) show PL spectra of MQW-on-PAT and MQW-on-PLA with varying of excitation power measured at 15 K, respectively. The emission peak wavelengths are located between 440 and 445 nm and the overall PL intensity, taken from QW emission, increases as the excitation power is increased. The integrated PL intensity I PL of MQW-on-PAT is 58% higher than that of MQW-on-PLA at the maximum excitation power of 25 mW. Experimental data of P laser versus normalized I PL are plotted in Figs. 1(c) and 1(d); these data were obtained from the PL spectra shown in Figs. 1(a) and 1(b) , respectively. The fitting results (red lines) based on Eq. (8) are also shown in Figs. 1(c) and 1(d), from which we were able to extract the fitting parameters: P 1 (3.49), P 2 (20.6), and P 3 (1.08) for MQW-on-PAT and P 1 (5.45), P 2 (16.9), and P 3 (2.75) for MQW-on-PLA. Figure 2 shows the plots of IQE versus P laser for MQWon-PAT and MQW-on-PLA; these values were extracted using Eq. (9). We found that, with excitation power, the IQE of MQW-on-PAT increases faster than that of MQW-on-PLA and the overall IQE values of MQW-on-PAT are higher than those of MQW-on-PLA. At the highest excitation power condition (25 mW), the IQEs calculated using Eq. (9) are 82% and 68% for MQW-on-PAT and MQW-on-PLA, respectively. These results reflect the facts that the overall optical properties of MQW-on-PAT are better than those of MQW-on-PLA. Any kind of loss mechanism produces a slower increase in the number of emitted photons as the excitation power increases, resulting in a reduced IQE for low quality materials under certain excitation condition. 17 We also note that degradation of IQE (i.e., efficiency droop) with excitation power was not observed in either sample within our experimental conditions, since the excitation power density is not sufficiently high for the occurrence of dominant Auger effect and the excitation photon energy is chosen to be lower than the band gap of the GaN barriers minimizing the carrier overflow.
Furthermore, we analyzed the ratio between different carrier recombination processes using our fitting parameters as follows:
The three components of Eq. (10) are the ratio of Shockley-Read-Hall recombination (An), the radiative recombination (Bn 2 ), and the Auger recombination (and/or carrier overflow) (Cn 3 ). Figure 3 shows total nonradiative recombination efficiency (
)/P Laser and radiative recombination efficiency, P 2 ÁI PL /P Laser as a function of excitation power. The MQW-on-PAT sample exhibits smaller (
)/P Laser and larger P 2 ÁI PL /P Laser compared to the MQW-on-PLA sample. Within our experimental conditions, both samples are dominated by the radiative recombination process instead of nonradiative recombination processes, as shown in Fig. 3(a) , except when there are very low excitation power conditions. Moreover, we analyzed the characteristics of the radiative recombination process and the nonradiative recombination processes before the saturation region of IQE [ Fig. 3(b) , dotted region of Fig. 3(a) ]. We found that the cross-over between radiative and nonradiative recombination efficiencies for the MQW-on-PAT sample occurs at a much lower excitation power than that of the MQW-on-PLA sample. It is known that GaN-based layers grown on PAT reveal not only a reduction of dislocation density but also a relaxation of residual strain (and possibly a strain-induced piezoelectric field as well) because of the lateral growth mode during the growth procedure.
18 Therefore, 
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the former results in better material quality and consequently lower nonradiative recombination rate, while the latter leads to enhanced electron-hole wavefunction overlap and hence a higher radiative recombination rate for MQW-on-PAT compared to the case of MQW-on-PLA. 19 These results are in excellent agreement with our observations. In order to further elucidate and compare the material quality of MQW-on-PAT and MQW-on-PLA, measurements of a x-scan rocking curve of high resolution X-ray diffraction (HRXRD) and a decay curve of time-resolved PL (TRPL) were performed at room temperature. Figure 4(a) shows the symmetric (002) and asymmetric (102) reflection of the HRXRD x-scan rocking curves measured for both samples. The full width at half maximum (FWHM) values of the symmetry (002) x-scan curve for MQW-on-PLA and MQW-on-PAT were found to be 296.2 arc sec and 270.8 arc sec, respectively, while those of the asymmetry (102) rocking curves for PLA and PAT were 312 arc sec and 248 arc sec, respectively. It has been reported that X-ray x-scan curves on symmetric (002) planes are influenced by screw and mixed type dislocations, whereas x-scan curves on asymmetric (102) planes are sensitive to edge type dislocations. 18, 20 Based on these results, we were able to confirm that the material quality in MQW-on-PAT is improved compared to that in MQW-on-PLA due to a reduction of threading dislocations. Figure 4 (b) exhibits the PL lifetime at room-temperature for MQW-on-PAT and MQW-on-PLA, as measured by TRPL. The excitation wavelength was chosen to be 385 nm using a frequency-doubled, femto-second Ti:sapphire laser, so that only the MQW regions would be excited. From the TRPL experiments, we found that the lifetimes are 3.7 ns and 3.1 ns for MQW-on-PAT and MQW-on-PLA, respectively. Since the PL lifetime of the InGaN MQWs at room-temperature may be mostly determined by the nonradiative recombination processes, the measured lifetime is strongly related to the material quality of the samples grown on different substrates. Therefore, these supporting experimental results are in good agreement with our analysis results.
Finally, it is worth noting that our proposed analysis method has several advantages over conventional methods that are based on the rate equation, as follows: (i) by using simple excitation power-dependence PL experiments, the IQE and each recombination process at arbitrary excitation power can be unambiguously determined without any knowledge of A, B, and C coefficients in the conventional rate equation. Note that P laser and I PL are exactly known from the excitation power-dependence PL experiment and one fitting parameter (P 2 ) can be easily fitted from the relationship between P laser and I PL . (ii) The fitting parameters (P 1 , P 2 , and P 3 ) are utilized to quantitatively calculate An, Bn 2 , and Cn 3 in the conventional rate equation without any assumption about any of the recombination coefficients; consequently, the radiative optical properties (i.e., increase of light out power and relative recombination processes) and material quality (defect-related recombination process) of LEDs can be analyzed. In summary, we have proposed a simple analysis method to calculate the IQE and relative carrier recombination ratios in LEDs. Based on our method, we conducted powerdependence PL experiments to calculate the IQE values of InGaN/GaN MQWs grown on patterned sapphire and planar sapphire substrates. We determined IQE values of 82% and 68% for MQW-on-PAT and MQW-on-PLA, respectively, using our proposed model. Furthermore, we were able to obtain the relative fitting parameters P 1 , P 2 , and P 3 , which are associated with the SRH recombination rate, the radiative recombination rate, and the Auger recombination (and/or carrier overflow) rate, respectively, without any requirement of knowledge or assumptions about the values of the A, B, and C coefficients, unlike cases in which the conventional rate equation is used. Our results, obtained using a simple analysis method, are very consistent with our experimental data results from HRXRD and TRPL. 
